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Abstract
The increase of ohmic loss which is a kind of transmission loss is unavoidable matter in optical wave radiation as well as guided 
terahertz (THz). Moreover, the lack of dielectric materials which have sufficiently transparency also contributes to the rising of 
transmission losses. As the existence of transmission loss, the quality of communication especially for optical communication 
will affected remarkably. Therefore, in order to minimize or reduce the transmission loss, the advanced investigation in 
modification of hollow circular waveguide by adding some dielectric layer in the inner surface of waveguide walls is proposed.
In the current research focus, the investigation called as dielectric-lined is performed at frequency of 0.1THz up to 1.0THz 
including the transmission losses of each propagation mode and its frequency band for low-loss waveguide. From the 
investigation, it is found that the additional dielectric layer in specific thickness is able to reduce the transmission loss up to 
1dB/m. However, the average loss also increases due to the additional dielectric loss which attenuates propagated signals through 
the dielectric medium.
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1. Introduction
During the last 2 decades, the research of electromagnetic waves radiation in terahertz (THz) frequency and 
optical wave has been penetrated in many wide range applications [1-2]. In THz frequency which ranges from 
microwaves to visible light frequencies, there is no licenses which have been distributed up to now. This means that 
it is an empty band which is usable for wireline especially wireless communications. Actually, this band as well as 
the optical wave band has a few good properties, such as high transmission rate, well directional, high security, 
small scattering and good penetrating signal. Moreover, the band can also provide high quality of mobile broadband 
communication for multimedia services at 10Gbps.
Guided terahertz and optical waves propagation in the early development has adapted the solution offered by 
guides for radio wave. The solutions which are basically applied for coaxial metallic waveguide and dielectric 
circular fiber are suffered in high transmission loss [3-4]. The poor performances are commonly caused by the 
increase of ohmic losses in metallic waveguide at THz frequencies and the lack of good transparency of dielectric 
materials. To overcome the problem especially for THz transmission, one of solutions is by employing dielectric-
lined at hollow metallic waveguide [5]. The solution is conducted by adding some dielectric layer in the inner 
surface of hollow metallic waveguide. Therefore, being inspired from the solution addressed for the hollow THz 
waveguide, in this paper, the solution is proposed to be applied for optical waveguide with the focus investigation is 
performed at frequency of 0.1THz up to 1.0THz.
2. Overview of optical waveguide
As is well-known, the transmission losses in THz frequency are far bigger compared with near-infrared, optical, 
and radio frequencies. The losses are mainly coming from ohmic losses on metallic surfaces and the absorption 
inside dielectric. In fact, transmission loss of waveguide in THz frequencies is around the order of dB/m [6]. Hence, 
the principle to obtain the better transmission is by keeping the distributed energy inside the inner area of waveguide 
as much as possible, or in other term the transmission energy around the surface of metallic waveguide wall has to 
be minimized. Therefore, the modification of hollow metallic waveguide is made to fulfill the intention by adding 
some thin dielectric film in the inner surface of metallic walls.
In principle, optical waveguides utilize conducting metal to be able to transform light wave by reflecting it to the 
walls. In the ideal waveguide, the light or signal which travels without losses has only imaginary part of propagation 
constant (Į = 0, Ȗ = Mȕ), otherwise the propagation constant is a complex-value. The light will propagate in the 
optical waveguide which follows the operation mode if only the propagation constant has imaginary value and the 
source operates at a frequency higher than its cut-off frequency. In a circular waveguide which is usually used for 
optical waveguide, the cut-off frequency of TE (Transverse Electric) and TM (Transverse Magnetic) modes with the 
radius of a and filled by some dielectric material (µ , İ) is given by Eqs. (1) and (2), respectively.
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where pmn and p’mn define the n
th zero of the mth-order Bessel function and Bessel function derivative respectively. If
the light or wave propagates in z-direction, the TE mode means that there is no electric field component in the 
propagation direction (Ez = 0, Hz  . Whilst in the TM mode, there is no magnetic field component in the 
propagation direction (Ez Hz = 0). It should be noted that the dominant mode in a circular waveguide is the TE11
mode, followed in order by the TM01 mode, the TE21 mode, and the TE01 mode as shown on Fig. 1 with the electric 
and magnetic field components for the TE11 mode, the TM01 mode, and the TE01 mode in transversal area are 
illustrated in Fig. 2.
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For the non-ideal waveguide, due to the existence of metal conductor and dielectric losses, the light which travels 
along waveguide will suffer attenuation or transmission loss. In the hollow metallic waveguide, the metal conductor 
is mostly affected by the conductor which constructs the walls of waveguide. For the imperfect conductor materials 
(ıc WKHZDOOVof waveguide will act as resistor and dissipate energy in the form of heat [7]. This is known as the 
ohmic loss which is related to the electric and magnetic field in the walls of waveguide. The fields associated with 
the waveguide resonance modes produce surface currents on the walls.
Fig. 1. Mode of resonance for circular waveguide Fig. 2. Fields distribution in inside of circular waveguide
Furthermore, related to the metallic waveguide walls and field penetration, the skin depth factor is an important 
key to keep wave propagation inside of the waveguide. The walls should be in several skin depths such that the wall 
currents are essentially surface currents. This skin depth factor G is function of the conductivity of walls and the used 
frequency as given in Eq. (3) [6]. Material which has better conductivity like silver and operating in higher 
frequency (~THz) will have skin depth on the order of nanometer.
cfPVS
G 1 (3)
where f, P, and Vc are the frequency of wave which propagates inside the optical waveguide, permeability and 
conductivity of material for optical waveguide walls, respectively.
3. Investigation result and discussion
Fig. 3. Geometry of hollow circular waveguide Fig. 4. Comparison of transmission loss of TE01 mode and TM01 mode
Figure 3 shows the hollow circular waveguide used for the transmission loss investigation. The diameter of 
waveguide, a, is 1.8mm; therefore the cut-off frequency of lowest mode, i.e. the TE11 mode, can be calculated from 
Eq. (1) and is 0.1THz. Hence, the investigation is conducted from in the range of 0.1–1.0THz. The metallic 
waveguide wall is chosen using silver with the conductivity, ıc of 6.1x107 S/m, consequently the skin depth is about 
117nm. The thickness of metallic waveguide wall, tw, is set thicker (tw = 50Pm) than the calculated skin depth to 
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obtain the better reflectivity response. In the investigation in which the total length of waveguide is 10mm, the first 
2 simple resonance modes, i.e. TE01 and TM01, is observed for the mode transmission loss analysis. The analysis is 
conducted based on the forward transmission coefficient, S21, obtained from S-parameters of each propagating
mode.
The investigation results of transmission coefficient for TE01 and TM01 modes with their field distributions (the 
inset figures) are plotted in Fig. 4. It is clearly shown that the TE01 mode has the transmission loss lower than the 
TM01 mode. It can be figured out that the TE01 mode has only electric field component which is tangential to the 
walls resulting the minimum surface current on the walls. Due to the minimum surfaces current, the ohmic loss on 
the overall waveguide is also minimum. On the other hand, since the TM01 mode has normal electric field 
component, therefore it has higher ohmic loss than the TE01 mode. While for other modes such as TE11 mode and 
TE21 mode have both normal and tangential electric field components which will give even higher ohmic losses. 
From the result, it is also shown that for the TE01 mode the higher the frequency, the lower the transmission loss. 
Oppositely, for the other modes including the TM01 mode the transmission loss increases accordingly to the increase 
of frequency.
As the transmission loss in hollow circular waveguide for the lowest loss operating band, i.e. TE01 mode, is still 
higher than 1dB/m, to reduce the loss, the dielectric layer with the thickness is deposited in the inner surface of 
hollow circular waveguide walls, also knows as dielectric-lined. In order to observe the transmission loss especially 
in lower frequency bands, the waveguide diameter of a is chosen rather big, i.e. 2mm, than the previous attempt as 
conducting in the hollow circular waveguide investigation. As consequence, the cut-off frequency of waveguide is 
lower. Hence, other investigation parameters such as thickness and material of waveguide as well as frequency 
range are similar to the previous one. The used dielectric layer is a polymer namely polystyrene which is available to 
be deposited in smooth and uniform distribution. Moreover, the polystyrene also has low extinction coefficient, so 
its dielectric loss can be neglected. The thickness of dielectric layer is varied from 5Pm to 25Pm to observe the 
effect of dielectric thickness coated in the inner surface of hollow circular waveguide to its transmission loss. Whilst 
the analysis is conducted for the TE01 mode based on the transmission coefficient obtained from S-parameters.
Table 1. Transmission loss of TE01 mode for thickness variation of coated dielectric layer
Polystyrene (PS) 
thickness (Pm)
Lowest loss Loss of 1 dB/m
Frequency (THz) Loss (dB/m) Frequency (THz) Average loss (dB/m)
without PS 0.64 0.475 0.40–0.68 0.656
5 0.56 0.615 0.40–0.68 1.485
10 0.72 0.459 0.40–0.76 0.611
15 0.72 0.438 0.40–0.76 0.633
20 0.72 0.513 0.44–0.76 0.756
25 0.60 0.562 0.44–0.72 0.790
Table 1 summarizes investigation results for the transmission loss of TE01 mode based on dielectric-lined method.
It shows that the polystyrene coating of 15Pm produces lower losses below 1dB/m with wider operating frequency 
band than the hollow circular waveguide without polystyrene coating. This can be figured out that when the 
polystyrene dielectric layer exists with some amount of thickness, the amplitude of electric field close to the 
waveguide walls is attenuated by the dielectric. As a result the surface current can be suppressed which affects to the 
reduced ohmic loss of waveguide. However, when the thickness of dielectric layer is thicker than 15Pm, the total
loss becomes higher due to the additional loss coming from polystyrene which hampers propagation signals through 
the dielectric layer. In addition, the thicker polystyrene coating is harder for fabrication to get smooth and uniformly 
distribution. From the result, there is abnormality of result shown for 5µm of polystyrene. This can be understood 
that the 5Pm thickness is very small compares with another structure in the investigation. Therefore, a high precision 
numerical investigation is needed to solve the overall structure.
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4. Conclusion
It has been demonstrated by numerical investigation that the dielectric-lined method has been successfully 
applied to minimize the average loss of circular waveguide in connection to reduce the transmission loss of optical 
waveguide. From the first attempt, i.e. the hollow circular waveguide associated with the optical waveguide, it has 
been shown the TE01 mode has the lowest transmission loss for circular waveguide, where the loss could still be 
more reduced by increasing its diameter, however for the shorter frequency band. Hence from the second attempt, 
by coating polystyrene dielectric layer in the inner surface of hollow circular waveguide, the transmission loss could 
be minimized. It has been shown that the method was successful to decrease the average loss of TE01 mode by 
adding some dielectric layer of polystyrene.
Acknowledgements
This work is partially supported by the Research Grant from Institut Teknologi Bandung (ITB) under the scheme 
program of Research and Innovation 2013.
References
[1] Zhang XC, Hu BB, Darrow JT, Auston DH. Generation of femtosecond electromagnetic pluses from semiconductor surfaces. Appl. Phys. 
Lett. 1990; p. 56:11.
[2] Deicke F, Fisher W; Faulwasser M. Optical wireless communication to eco-system. In: Proc. of Future Network & Mobile Summit 
(FutureNetw), 2012. p. 1-8.
[3] Jamison SP, McGowan RW, Grischkowsky D. Single-mode waveguide propagation and reshaping of sub-ps terahertz pulses in saphire fibers.
Appl. Phys. Lett. 2000; 76:15. p. 1987-1989.
[4] Jeon TI, Grischkowsky D. Direct optoelectronic generation and detection of sub-ps-electrical pulses on sub-mm coaxial transmission lines.
Appl. Phys. Lett. 2004; 85. p. 6092-6094.
[5] Mitrofanov O, James R, Fernandez FA, Mavrogordatos TK, Harrington JA. Reducing transmission losses in hollow THz waveguides. IEEE 
Trans. on Terahertz Science and Technology 2011; 1:1.
[6] Cronin N.J. Microwave and optical waveguides, London: IOP Publishing, 1995.
[7] Pozar D.M. Microwave engineering. 3rd ed. John Wiley & Sons; 2005.
